Introduction
Bladder cancer is the fourth and eleventh most commonly diagnosed cancer in men and women, respectively, with over 400,000 new cases and 150,000 deaths per year worldwide. 1, 2 Over the last three decades, the mortality rate associated with bladder cancer has not changed considerably. At initial diagnosis, ~25%-30% of bladder cancers are diagnosed as muscle-invasive bladder cancer (MIBC). 1, 2 Of the 70%-75% of patients initially diagnosed with noninvasive bladder cancer, many progress to MIBC despite treatments. Currently, the standard treatment for localized MIBC in most western countries is radical cystectomy. 1, 2 Recent interest in patients' quality of life and those patients for whom radical cystectomy is not suitable has driven an increasing interest in chemotherapy, radiotherapy, and chemoradiation. [3] [4] [5] [6] [7] [8] [9] [10] A trial published in the New England Journal of Medicine concluded that the addition of chemotherapy to radiotherapy reduced invasive cancer recurrence, as compared with radiotherapy alone, resulting in good long-term bladder function and low rates of salvage cystectomy. 3 Bladder preservation with chemoradiation is no longer controversial, but further study is needed to identify which patients should be initially offered bladder-sparing chemoradiation. [4] [5] [6] [7] [8] [9] [10] We hypothesize that improving the radiotherapy component of chemoradiation would further decrease cancer recurrence rates.
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The tolerance level of normal tissues is the limiting factor for radiation dose levels in bladder tumor radiotherapy. New treatment methods that increase the efficacy of radiation therapy of the bladder tumors while preserving surrounding normal tissues [11] [12] [13] would be expected to improve the radiotherapy component of chemoradiation, leading to higher success rates of tumor eradication and lower rates of salvage cystectomy, thereby possibly improving patients' quality of life.
Preclinical in vivo studies have shown that gold nanoparticles (AuNPs) significantly improve the efficacy of radiation therapy of a variety of tumors. [14] [15] [16] [17] When high atomic number atoms are bombarded with relatively low energy X-rays (,500 keV), photoelectric effect is the predominant mode of photon interaction, where incident photons eject electrons from the gold atoms, thus depositing more energy locally thereby increasing the local dose. These photoelectrons acquire a kinetic energy of the primary beam energy minus its binding energy thus determining the range the photoelectrons will have in the tissue. For 100 keV electrons, irradiation should result in ranges of tens of microns, but on average the ejected electrons travel much shorter distances -limiting most damage to cells that have either incorporated the gold or are coated by the gold. 18 Importantly, with the amounts of gold that can be delivered to tumors, the overall tumor dose can be increased significantly by a factor of 2-4 times. Administration of AuNPs prior to radiation has been shown to retard tumor growth. [14] [15] [16] [17] Increasing AuNP concentrations resulted in greater tumor ablation and longer term survival. 14 Thus far, no long-term toxic side effects have been associated with AuNP administration. AuNPs ,5 nm have been shown to be largely filtered through the kidneys and excreted in the urine. 14 This study uses a mouse model of MIBC to investigate AuNP uptake into tumor cells. It has previously been reported that internalization of AuNPs into urothelial cells depends on cell differentiation stage. 19 A study by Hudoklin et al treated mice for 10 weeks with N-butyl-N-(4-hydroxybutyl) nitrosamine (BBN) ad libitum in drinking water to induce hyperplasia and dysplasia of bladder urothelium in order to investigate AuNP uptake in normal and abnormal urothelial cells. 19 The study found that AuNPs accumulated preferentially in the endosomes and cytosol of partially differentiated superficial urothelial cells. 19 In this study, we increased the timeframe of BBN treatment in order to induce MIBC and investigated the distribution of AuNPs throughout the bladder after an intravenous (IV) injection of 1.9 nm AuNPs, the same AuNPs that were used in the Hudoklin study. We show that the greatest concentrations of AuNPs are found associated with tumor stromal cells and connective tissue that surround the muscleinvasive tumors. AuNPs also appear to be associated with histologically identified extracellular keratin that is produced by BBN-induced bladder tumors in this mouse model. This distribution might have utility in tumor-specific radiation dose enhancement.
Materials and methods
All of the work and study protocols performed were approved by the University of Connecticut Health Center Animal Care and Use Committee and adhered to the rules set forth in the Guide for the Care and Use of Laboratory Animals.
Initiation of bladder tumors in mice C57BL/6 mice were maintaind in a temperature controlled environment with 12:12 light/dark cycling and provided with unrestricted access to drinking water supplemented with 0.05% BBN (Tokyo Chemical Industry Co Ltd, Tokyo, Japan) in order to induce bladder carcinogenesis.
auNP injections
BBN-treated mice weighing 32-40 g were anesthetized with ketamine/xylazine (~140 mg/kg ketamine and ~3 mg/kg xylazine) and injected IV via tail vein injections with ~40 mg 1.9 nm AuNPs (catalog #1102; Nanoprobes, Inc, Yaphank, NY, USA) 17, 20, and 22 weeks after the initiation of carcinogen treatment. Previous studies showed that blood levels of the 1.9 nm AuNPs are 90% cleared in ~10 minutes. The time of urination following AuNP injections was observed to be ~40-60 minutes.
Harvest of bladders and fixation
One day after AuNP injections, mice were euthanized and the bladders were excised, inflated with and placed into 4% formalin in phosphate-buffered saline solution for 1 day.
histopathology
Bladders were removed from the fixative, cut in half, positioned in cassettes, and put into 70% alcohol prior to being embedded in paraffin. Paraffin blocks were cut into 6 µm thick serial sections using a microtome, stained with hematoxylin and eosin (H&E), and gold enhanced for visualization by light microscopy.
gold enhancement
Gold enhancement is a process of depositing gold on existing AuNPs, thus enlarging them. This enhancement was 
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auNP biodistribution in bladders of BBN-treated mice used since the tiny 1.9 nm AuNPs are not visible in the light microscope, but are detectable after enhancement and was performed according to the manufacturer's recommendations (Nanoprobes GoldEnhance™ LM, catalog #2112; Nanoprobes, Inc). The time of gold enhancement was varied from 10 seconds to 10 minutes (10 seconds, 30 seconds, 60 seconds, 2 minutes, 5 minutes, 10 minutes), in order to determine the minimum exposure time that produced adequate, clear staining with low background staining. Sixty seconds allowed for most efficient visualization of AuNPs while minimizing background staining and was used for the reported studies. Subsequent to the performance of this study, it was found that backgrounds can be reduced further by transferring the slides into 15% (w/v) sodium sulfite after a brief 1-2 minute distilled water wash. Figure 1A is an H&E stain of a section of the normal bladder from a three-month-old mouse. The lumen, epithelial, and connective tissue layers have been labeled. The thickness of the bladder wall is about 2 mm. Ten out of eleven mice treated with BBN for 17, 20, or 22 weeks developed tumors ranging from in situ, noninvasive bladder cancer to high-grade MIBC with extensive squamous differentiation ( Table 1) . Six out of eleven mice developed muscle-invasive tumors (Table 2) . In most cases, high inflammatory responses were seen ( Figure 1B and C). AuNPs (1.9 nm AuNPs) were injected into control, untreated, and BBN-treated mice by IV injection. Previous results showed that most of these AuNPs were rapidly cleared from the blood and accumulated in the mouse bladder prior to excretion. IV injections were performed on ketamine/xylazine-anesthetized mice to delay excretion to maximize the time the AuNPs resided in the lumen of the bladder prior to excretion. AuNPs dwelled in the bladders for about 30 to 50 minutes before they were excreted. Twenty-four hours later, when the AuNPs had time to diffuse, bind, and to be taken up by cells, the mice were euthanized, the bladders were excised, inflated by injection of formalin directly into the bladder lumen, and dropped into 4% formalin for 24 hours. Fixed bladders were embedded in paraffin, sectioned, and either stained with H&E or gold enhanced following the protocol prescribed by Nanoprobes, Inc. A pilot study revealed that 1 minute of gold enhancement best highlighted distributions of gold within the tissue. Figure 1D shows a gold enhanced normal bladder without BBN or AuNP injection and illustrates that the average level of background noise from 1 minute of gold enhancement is very low. Tissue sections from tumor containing BBN-treated bladders showed much higher levels of gold enhancement. Interestingly, tumor cells themselves generally had very little AuNP uptake ( Figure 1E ). In most cases, AuNPs accumulated in the stroma surrounding the tumor cells ( Figures 1E, F and 2A-E [20 weeks of BBN treatment]). AuNP uptake in the stroma extended all the way out to the edge of the bladder ( Figure 1F ). Even in deeply invasive muscle tumors, AuNPs enveloped the tumor cell stroma but not the tumor cells themselves ( Figure 1E ). AuNPs were enriched in the submucosal, connective tissue space, with little AuNP uptake Table 2 Number of mice that developed muscle-invasive tumors (Figure 4A-F) , did not show remarkable gold labeling after enhancement. Such controls were performed for 17, 20, and 22-week treatment groups. Gold labeling of the bladder surface was evident. Upon reviewing all the sections under 40×, we took four sample urothelium stretches and defined the amount of AuNPs in them as 0, 1+, 2+, and 3+, respectively. Based on these references, we determined the amount of AuNPs in every bladder section and found that non-BBN treated mouse bladders had significantly more gold labeling on the surface (p-value ,0.001) compared to BBN-treated mice (Table 3 and Figure 5 ); further studies are needed to determine if the gold particles are associated with urothelium or the extracellular mucous layer. Bladder tumors in mice have greater squamous differentiation than most human bladder tumors. In this mouse model of MIBC, keratin, identified morphologically, filled the bladder lumen possibly trapping AuNPs within the keratin ( Figure 6 ). Human bladder cancers typically do not present with such high levels of keratinization. 20, 21 Figure 7A -D shows gold labeling of the tumor stroma in background-reduced (sodium sulfite-treated) gold enhanced sections. Some AuNPs are seen in non-BBNtreated AuNP injected bladders ( Figure 7E and F), but they are far less numerous and less localized than in tumor containing bladders. Unfortunately, it was not possible to redo the entire study with background reduction due to lack of sample material.
Results

Discussion
Our study was motivated by the study of Hudoklin et al whose evidence suggested that IV injected 1.9 nm AuNPs, nanoparticles produced by Nanoprobes Inc, are taken up selectively into dedifferentiated urothelium in mice treated for 10 weeks with the carcinogen BBN. 19 We had shown previously that 90% of IV injected 1.9 nm AuNPs are cleared from the blood in about 10 minutes via the kidneys. 17 On the basis of the Hudoklin study and our previous work, we hypothesized that 1.9 nm AuNPs injected IV into mice would quickly enter the bladder and remain in the bladder for a sufficiently long period of time to allow the particles to specifically enter dedifferentiated bladder tissue and, in particular, muscle-invasive bladder tumors, largely from the bladder lumen. We further hypothesized that such specific uptake of AuNPs into muscle-invasive bladder tumors and not normal urothelium would provide therapeutic benefit as we have shown AuNPs are powerful enhancers of radiotherapy. [14] [15] [16] As a first step towards testing these hypotheses, mice were treated with BBN for a longer time period than in the Hudoklin study, that is, 17, 20, and 22 weeks -sufficient time for muscle-invasive tumors to form. Indeed, muscle-invasive bladder tumors were found in six of the ten mice that developed bladder tumors, whereas after 10 weeks of BBN treatment, Hudoklin did not report any muscle-invasive tumors. AuNPs injected IV into mice indeed largely remained in the bladder for ~30 to 50 minutes prior to urination.
Histological investigation of the bladders revealed that while some AuNPs could be found throughout the bladders, most of the AuNPs could be found localized to the connective tissue and stroma surrounding the tumor cells rather than in and around the tumor cells themselves (Figures 1-4) . In many instances, cells in the stroma appear to have taken up the gold. A more detailed study of the distribution of the gold in the tumor stroma will be done in future studies to identify the cells and specific structures accumulating the AuNPs. In general, 1) regions of the bladder devoid of tumor generally had relatively few AuNPs ( Figure 2F) ; 2) bladders from BBN-treated mice that did not receive IV gold injections showed a low level of enhancement (Figure 3) indicating that the gold enhancement treatment by itself could not explain the extensive labeling of the stroma seen in bladders of BBN-treated mice that received IV gold injections; 3) while bladders from non-BBN-treated mice that received IV gold injections had gold labeling (Figure 4) , most of the gold labeled the epithelium; connective tissue labeling was less intense than that seen in BBN and gold-treated mice; 4) bladders of normal, non-tumor bearing animals did not have the greatly expanded connective tissue regions seen in those with MIBC; 5) the most intense gold labeling was found over morphologically identified keratin fibers. We hypothesize that keratin-filled bladder lumen either trapped AuNPs within the keratin or bound to the AuNPs (Figure 6 ). Human bladder cancers typically do not present with such high levels of keratinization. 20, 21 Questions are therefore raised as to what the gold distributions would be like in the absence of keratin in human transitional cell bladder tumors and how much of the gold found in the connective tissue of BBN-treated mouse bladders was bound to intracellular keratin.
In this study, the AuNPs were injected IV. Some of the AuNPs probably entered the bladder tumors via leaky vessels in the vicinity of the bladder tumors by the enhanced permeability and retention effect. 22 Since blood vessels are found throughout the stromal region, such AuNPs would have ready access to stromal structures and cells for binding and uptake.
AuNPs that accumulate in the bladder lumen may enter the bladder by pinocytosis and endocytosis mechanisms 23, 24 where the urothelium is intact. However, since there are likely to be regions of necrosis and ulceration due to the tumor, it is likely that AuNP leakage into the bladder occurred where the urothelium was abrogated. Once inside the bladder, AuNPs appear to selectively bind to connective tissue and to be taken up by stromal cells. Uptake of AuNPs by macrophage and other cells found in the tumor stroma, like fibroblasts, is well documented. 25 Accumulation of untargeted AuNPs into stromal cells surrounding tumor cells could provide a therapeutic opportunity since the tumor stroma is known to affect the progression of many tumors, 26 including urothelial cancer. 27 The accumulation of large amounts of nanoparticles into tumor stromaassociated cells would render them much more sensitive to radiation therapy. Macrophage in tumors, generally known as tumor-associated macrophage (TAMS), are often upregulated urethra. Since the BBN model only produces tumors in male mice, 34 direct instillation of AuNPs into the bladders of male mice is challenging, but could be done surgically. Further, transitional human bladder tumors could be injected into in the stromal compartment of solid tumors and participate in their growth, angiogenesis, and metastasis. 26 Activated cancer-associate fibroblasts can also promote tumor growth, invasion, and metastasis. 28 AuNPs are known to be taken up into TAMS. 25 The selective destruction of tumor associated stromal cells could affect not only tumor proliferation, angiogenesis, and metastasis but also immune suppression 29 and the efficacy of drug delivery and chemotherapy. 30 Hence, it is important to identify the stromal cells that take up the AuNPs and to understand their heightened sensitivity to radiation therapy. In addition, targeting of AuNPs to the tumor cells might result in greater tumor cell uptake, 31 thus rendering the tumor cells themselves more sensitive to radiation therapy.
It would be of interest to determine the distribution of AuNPs after their direct introduction into the bladder compared to the IV injection of 20 nm AuNPs that are too large to be filtered by the kidney. 32, 33 In humans, direct instillation of the gold into the bladder would be possible through the 
Conclusion
Using a model of advanced, muscle-invasive BBN-induced bladder tumors in mice, our data show that AuNPs are largely concentrated in the stroma surrounding tumor cells and significantly less in normal muscle and connective tissue of the non-tumor containing regions of the bladder. Although tumor-specific gold loading did not occur after IV AuNP administration, this mode of tumor stroma-specific loading of AuNPs might provide therapeutically useful radiation dose enhancements to enhance radiotherapy of MIBC. 
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